Abstract-This study examines the application of Ishikawa human endometrial adenocarcinoma cells to measure the estrogenic activity of fractionated extracts of sediments from Tokyo Bay, Japan. Estrogen stimulates alkaline phosphatase activity in this cell line. The results of these assays were compared with those of a yeast estrogen screen (YES) assay. The Ishikawa cell line bioassay showed higher sensitivity to 17␤-estradiol (median effective concentration [EC50], 10.7 pM) than did the YES assay (EC50, 480 pM). Fractionation of sediment extracts (all samples collected from 5 sites) showed that the nonpolar fraction was poisonous to yeast cells; the estrogenic activity of this fraction, therefore, could not be measured by YES. However, the nonpolar fraction did not kill the Ishikawa cells. The 17␤-estradiol-equivalent values of 15 extracts (3 fractions from each of 5 sediment samples) ranged from 5.7 to 697 pg/g dry weight according to the Ishikawa cell line bioassay. Chemical analysis using gas chromatography-mass spectrometry revealed that the highest concentrations of endocrine-disrupting chemicals were observed at the sampling station near the sewage treatment plant. The results support that the Ishikawa cell line bioassay is suitable for measuring the estrogenic activity of sediment samples.
INTRODUCTION
Here we describe our evaluation of the Ishikawa cell assay for use with environmental samples. Many types of chemicals in the environment have estrogenic properties [1, 2] and may be related to increasing sexual dysgenesis in wildlife [3] [4] [5] . Low levels of xenoestrogen pollutants, estrogenic compounds such as nonylphenol, bisphenol-A, estrone, 17␤-estradiol, and phytoestrogens [6] [7] [8] , may disturb reproduction and development in aquatic organisms. Endocrine-disrupting chemicals likely are found in the aquatic environment [8] [9] [10] , especially in the discharge from sewage treatment plants [11, 12] .
Several in vitro bioassays have been developed to assess environmental samples for estrogenic activity [10, 13, 14] . These bioassays can be grouped into various categories, such as estrogen receptor-binding assays, in vitro bioassays using yeast (for example, yeast estrogen screen [YES] and recombinant yeast cell bioassay), and in vitro bioassays using cultured cells. Examples of assays in this last group include reporter gene bioassays, such as the estrogen-receptor-mediated chemically activated luciferase gene expression assay [14] , and cell proliferation assays such as the E-Screen. The relative sensitivities of in vitro bioassays are as follows: Estrogen receptor-binding assay Ͼ YES Ͼ reporter gene bioassay [14] .
Ishikawa cells, which are derived from a well-differentiated human endometrial adenocarcinoma, are positive for estrogen receptors [15, 16] . A sensitive bioassay based on the stimulation of alkaline phosphatase activity in these cells has been developed [17] . Many phytoestrogens (genistein, daidzein, coumestrol, some naringenins) and industrial chemicals (bisphenol-A, octylphenol, nonylphenol, o,p-dichlorodiphenyltri-* To whom correspondence may be addressed (hashimos@u-shizuoka-ken.ac.jp). chloroethane) tested behaved as estrogen receptor agonists with respect to the stimulation of alkaline phosphatase activity [16] .
However, to the best of our knowledge, the applicability of the Ishikawa cell line bioassay to measurement of the estrogenic activity of field samples had not been tested previously. This paper describes such tests: We measured the estrogenic activities in fractionated extracts of sediments from Tokyo Bay, Japan, a highly polluted area, by using the Ishikawa cell line bioassay, and compared these results with those obtained using the YES assay.
MATERIALS AND METHODS

Sampling sites and sediment sampling procedure
Tokyo Bay, around which about 26 million people live, is one of the most polluted areas in the world and has been the subject of a range of studies of environmental contaminants [18, 19] . Sediment samples were collected from the inner part of Tokyo Bay on June 26, 2000, with an Ekman-Birge-type grab sampler (Rigo, Tokyo, Japan) (Fig. 1) . Station 1 is located near the discharge gates of a sewage treatment plant. Station 2 is located near Haneda Airport. Stations 3 through 5 are located in the mouth of the Tamagawa River. In addition, surface seawater samples were collected from right above the surface in a stainless steel bucket to measure water temperature, pH, and salinity (Table 1) . Each sediment sample was homogenized with stirring in a precleaned stainless steel container for about 5 min, freeze-dried, and stored in clean glass bottles at Ϫ40ЊC until analysis. All stainless steel containers and glassware were cleaned with acetone, hexane, and ultrapure water before use.
Total organic carbon (TOC) of sediment samples was determined by the method described by Tani et al. [20] . Briefly, Environ. Toxicol. Chem. 24, 2005 S. Hashimoto et al. 200 mg of homogenized freeze-dried sediments was treated with 2 M HCl overnight (12 h). After the sediment sample had been washed with pure water three times, it was dried at 104ЊC. Total organic carbon analysis was performed using a TOC analyzer (TOC-5000A, Shimadzu, Tokyo, Japan) combined with an electric furnace. Each sample was measured in triplicate.
Chemicals
The p-nonylphenol (98% pure) was purchased from Kanto Chemical (Tokyo, Japan). The p-Octylphenol (99% pure) was purchased from Aldrich Chemical (Tokyo, Japan). Bisphenol-A (Ͼ95% pure) was obtained from Wako Pure Chemical Industries (Tokyo, Japan). Estrone (99% pure), 17␤-estradiol (98% pure), and 17␣-ethynylestradiol (98% pure) were purchased from Sigma-Aldrich (Tokyo, Japan). Anthracene-d 10 (97% pure; Kanto Chemical), p-n-nonylphenol-d 4 (99.9% pure; Wako Pure Chemical Industries), bisphenol A-d 16 (99.8% pure; Kanto Chemical) and 17␤-estradiol-d 2 (98% pure; Sigma-Aldrich) were used as internal standards for chemical analysis by gas chromatography-mass spectroscopy (GC-MS). These reagents were used without further purification. Pesticide residue-grade solvents and chemicals were obtained from Wako Pure Chemical Industries.
Extraction and fractionation for bioassay
Sediment samples for bioassays were extracted according to the methods of Khim et al. [21] . A freeze-dried sediment sample (5 g) was ultrasonicated in 30 ml of dichloromethane. Moisture was removed from the solvent extract by passing it through a column of anhydrous sodium sulfate. The extraction was performed twice and the extract was collected and concentrated to about 5 ml in a rotary evaporator. The sample was solvent-exchanged into 1 ml of isooctane under a gentle stream of nitrogen.
A Phenomenex Luna 5-m silica column (250 mm ϫ 4.6 mm, Torrance, CA, USA) was used for normal-phase separation with 3-step isocratic elution as described before [22] . The mobile-phase solvent profile was composed of 5 steps: 30% dichloromethane in hexane for 15 min, dichloromethane for 20 min, methanol for 20 min, dichloromethane for 10 min, and 30% dichloromethane in hexane for 35 min. The flow rate was 1 ml/min. Fractions were collected from 0 to 20 min (F1), 20 to 45 min (F2), and 45 to 70 min (F3). Fraction 1 contains the most-nonpolar compounds, such as polycyclic aromatic hydrocarbons and polychlorinated biphenyls; fraction 2 contains estrone, nonylphenol, and octylphenol; and fraction 3 contains the most-polar compounds, such as bisphenol A and 17␤-estradiol [22] . Each fraction was concentrated to 1 ml in 
g A signal-to-noise ratio of 3:1 was defined as being the detection limit. h Mean recovery rate was determined with spiked sediment (0.1 g/g) followed by derivatization with N,O-bis(trimethylsilyl)trifluoroacetamide and gas chromatographic-mass spectroscopic analysis.
a rotary evaporator under a stream of nitrogen for later use in bioassays.
Extraction and fractionation for GC-MS analysis
After the addition of 10 l of internal standard solution (concentration of each compound: 10 g/ml), 5-g samples of freeze-dried sediment were extracted ultrasonically twice with 30 ml of dichloromethane. Each organic layer was filtered through glass fiber filter that had prebaked at 500ЊC for 12 h, then the extracts were combined. To remove moisture, the organic layers were filtered through a column of anhydrous sodium sulfate. The eluted layers were concentrated to 1 ml by evaporation at Ͻ30ЊC. A Phenomenex Luna 5-m silica column was used for normal-phase separation as described above.
GC-MS analysis
The concentrates were passed through a cleanup column containing 5 g of rinsed Florisil PR (Wako Pure Chemical Industries) with 5% water and 6 g of anhydrous sodium sulfate. The column was eluted with 100 ml of dichloromethane. The effluent was concentrated and dissolved in 100 l of acetonitrile and pyridine (4:1). After 100 l of N,O-bis(trimethylsilyl)trifluoroacetamide was added, analysis was performed by GC-MS (GC: HP 5890 series II, Agilent Technologies, Wilmington, DE, USA; MS: HP5971 MSD, Agilent Technologies) using selected ion monitoring. Separation was done in a 30-m DB-5MS (polydimethylsiloxane-5% phenyl stationary phases) capillary column (inner diameter, 0.25 mm; film, 0.25 m; J & W Scientific, Folsom, CA, USA). The GC oven temperature was programmed for a starting temperature of 90ЊC for 2 min, followed by a 10ЊC/min temperature increase to a final temperature of 290ЊC, which was held for 5 min. Identification was made by retention times and ion ratios. All analyses were run in triplicate.
Recovery rates and detection limits of estrogenic compounds are shown in Table 2 . Each test compound was dissolved in acetonitrile (10 mg/L), and 50 l of this solution was added to 5 g of dry sediment from station 3 to give a final concentration of 0.1 g/g of each test compound. Station 3 was selected because the Tamagawa River is one of the biggest rivers flowing into Tokyo Bay; in 1998, the annual flow of the Tamagawa River was 5.25 ϫ 10 10 m 3 . The spiked sediment was extracted and analyzed by the method described above. The extraction and analysis was done in triplicate. The detection limit was calculated by using sediment extracts spiked with standard solution followed by derivatization with N,Obis(trimethylsilyl)trifluoroacetamide and GC-MS analysis.
Ishikawa cell line culture and bioassay
Ishikawa cells from the 25th passage, which had been frozen on May 12, 1982 , were thawed and cultured as monolayers. After several subcultures, the cells were cloned using the limiting dilution method [15] . The Ishikawa cells used in this study (code number: Ishikawa 3-H-12 45) were cloned by single-cell cloning to remove mycoplasma contamination [15] . Ishikawa cells were grown in Dulbecco's modified eagle medium supplemented with 15% fetal bovine serum (Hyclone, Logan, UT, USA). These cells were used in bioassays of the estrogenic activity of samples according to methods described previously [23] . Briefly, cells were seeded into a 24-well culture plate (about 150,000 cells/well). All cells were incubated for 24 h in a humidified 5% CO 2 atmosphere maintained at 37ЊC. Then the medium was replaced with phenol red-free Dulbecco's modified eagle medium supplemented with 15% charcoal dextran-treated fetal bovine serum and sample (fractionated sediment extracts) or ethanol (control). Assays were established in triplicate, and the cells were incubated for 72 h. After that the medium was removed, the cells were washed with phosphate-buffered saline (pH 7.4), and the plates stored at Ϫ80ЊC for 1 h. Afterward, 1 ml of substrate solution containing 5 mM p-nitrophenol phosphate, 0.24 mM MgCl 2 , and 1 M diethanolamine (pH 9.8) were added to each well, and the plates were incubated for 1 h at 30ЊC on a shaker. Alkaline phosphatase activity was measured by the increase in absorbance at a wavelength of 405 nm. With this method, the variability of the Ishikawa cell line bioassay was about 5%. The EC50 values for 17␤-estradiol and sample extracts were calculated as the concentration at which 50% of the maximum activity was reached. The 17␤-estradiol-equivalent value was calculated on the basis of the relative EC50 values of 17␤-estradiol and each sample extract. A sigmoid dose-response regression model was applied to computing EC50 by using GraphPad Prism 4, Version 4.02 (GraphPad Software, San Diego, CA, USA). In addition, the relative potency estimates for fractionated sediment samples obtained with the Ishikawa cell line bioassay also were calculated according to the methods of Villeneuve et al. [24] . The relative estrogenic activity of each compound in sediment samples was weighed by the environmental concentrations and the relative 17␤-estradiol activity of the target compounds.
Yeast estrogen screen
The yeast cells used in this study were developed by Routledge and Sumpter [25] . The DNA sequence of the human estrogen receptor was integrated into the yeast genome, which also contained expression plasmids carrying estrogen-responsive sequences controlling the expression of the reporter gene lac-Z (encoding the enzyme ␤-galactosidase). The ␤-galactosidase is synthesized in the presence of estrogen and then is secreted into the medium, where it causes a color change from yellow to red [25] . Briefly, yeast cells were grown in the enrichment medium for 24 h at 32ЊC in a humidified incubator. Sediment extracts dissolved in ethanol were added into 96-well plates in triplicate. After ethanol was evaporated at room temperature, assay medium containing o-nitrophenyl ␤-D-galactopyranoside as substrate and yeast cells were added into each 96 well, and plates were incubated for 84 h at 30ЊC. The o-nitrophenol released from o-nitrophenyl ␤-D-galactopyranoside was measured at 540 nm. The 17␤-estradiol standard curves and a solvent control (ethanol) were included in each experiment. In this method, the variability of the YES bioassay was about 5%. The EC50 value for 17␤-estradiol was calculated as for the Ishikawa assay.
RESULTS AND DISCUSSION
Relative sensitivity of Ishikawa cell bioassay
Concentration-response curves of 17␤-estradiol for Ishikawa cell and YES assays are shown in Figure 2 . The EC50s of the Ishikawa cell and YES bioassays were 10.7 pM (goodness of fit: r 2 ϭ 0.994) and 480 pM (goodness of fit: r 2 ϭ 0.985), respectively. As shown in Figure 2 , comparison of the results obtained with known concentrations of 17␤-estradiol showed that the Ishikawa cell line bioassay was about 50-fold more sensitive than the YES assay. Ishikawa cells are very sensitive to estrogens; estradiol induces alkaline phosphatase activity at the pmol/L level [17] . When the estrogen-detecting sensitivity of the YES assay was compared with that of the estrogen receptor-mediated luciferase reporter gene (ER-CA-LUX), the ER-CALUX system was more sensitive by a factor of about 20 [10] . Our findings were consistent with these previous results. Concentration-response curves of target compounds evaluated by Ishikawa cell line bioassay indicated that the relative 17␤-estradiol activities of the target compounds were 17␣-ethinylestradiol Ն 17␤-estradiol Ͼ estrone Ͼ octylphenol, bisphenol-A Ͼ nonylphenol.
The effects of selective estrogen-receptor modulators on two endpoints were examined by using an Ishikawa cell line [26] . The investigators compared the ability of various selective estrogen-receptor modulators to increase alkaline phosphatase activity and progesterone-receptor mRNA expression. The selective estrogen-receptor modulators displayed differential activity in the Ishikawa cell line depending on the endpoint examined. This result suggests that characterizing compounds according to their effects on a single endpoint could lead to false-positive or false-negative results. Therefore, examination of several endpoints by using an Ishikawa cell line may be desirable and necessary in order to fully characterize the activity of compounds.
Estrogenic activity of sediment samples
The 17␤-estradiol equivalent values of fractionated sediment samples obtained with the Ishikawa cell line bioassay are shown in Table 3 . All 15 extracts tested had at least minimal estrogenic activity; the 17␤-estradiol-equivalent values ranged from 5.7 to 697 pg/g dry weight. Relative potency (REP) estimates are used widely to characterize and compare the potency of diverse samples analyzed with in vitro bioassays [24] . The relative potency estimates for fractionated sediment samples that we obtained with the Ishikawa cell line bioassay also are shown in Table 3 . Six of the extracts tested had minimal estrogenic activity; their REP-50s ranged from 0.29 to 16.2 fmol/l. The highest estrogenic activity was associated with fraction 2 at station 1 (REP-50 ϭ 16.2 fmol/l). The 17␤-estradiol-equivalent value of some fractions were calculated by extrapolating from measured data, because these samples produced only incomplete dose-response curves for various reasons. From the calculated relative potency estimates, we estimate that the threshold of reliability for estrogenic activity in extracted sediments was about 20 pg/g dry weight. Sediments from different sites differed in estrogenic activity, and high estrogenic activity was observed only at station 1 (near an output of effluent from a sewage treatment plant). At other sites, only minimal activity was observed, which may mean that sewage treatment plants are among the main sources of estrogenic compounds supplied to Tokyo Bay. If so, the need to reduce the level of estrogenic compounds in the water could be addressed promptly.
Fractionation of sediment extracts showed that estrogenic activity was present mainly in fraction 2, the midpolar fraction (station 1 in Table 3 ), in which nonylphenol, octylphenol, and estrone were detected. Similar to our results, polar extracts from sediment sampled from contaminated marine sites in The Netherlands have demonstrated higher estrogenic potency by in vitro bioassays than did nonpolar extracts [10] . These results suggest that hydrophilic (or midhydrophilic) compounds are sources of much of the estrogenic activity in sediment samples. In addition, the polar extract of sediment at Ijmuiden Harbor in The Netherlands contained about 7.4 ng 17␤-estradiolequivalent value/g [10] ; this value is higher by a factor of about 10 than the value for fraction 2 at station 1 of Tokyo Bay. These results suggest that somewhat hydrophilic estrogenic compounds gather in sediments in the aquatic environment. The identity of all of the chemicals responsible for the measured estrogenic activity in sediment samples has not yet been elucidated; regardless, the presence of estrogenic contaminants in sediments may cause endocrine disruption of normal gametogenesis in fish from the inner areas of Tokyo Bay [18, 27, 28] .
We compared the Ishikawa cell line bioassay with the YES assay for measuring the estrogenic activities of sediment samples. Fractionation of sediment extracts showed that the non- a EEQ ϭ 17␤-estradiol-equivalent value was defined on the basis of the relative EC50 values of the 17␤-estradiol standards and each sample extract. The EC50 values for each 17␤-estradiol and sample extract were defined as the concentration at which 50% of the maximum activity was reached. b REP range ϭ range of relative potency estimates generated from multiple point estimates for responses ranging from 20 to 80% of the maximal potency calculated for the standard. c REP-50 ϭ the point estimate of relative potency derived by using the equation (relative potency ϭ dose standard /dose sample ), where 50% of the maximum response observed for the 17␤-estradiol standard is the selected magnitude of response. d Relative potency estimates generated at magnitudes greater than the observed efficacy for the sample.
Uncertainties due to extrapolation apply. e Describes the observed efficacy of the sample relative to that of the standard. f NA ϭ not applicable. polar fraction (F1) was poisonous to yeast cells (Fig. 3) , so the estrogenic activity of this fraction of sediment samples (5 samples from each of 5 stations) could not measured by YES. Toxic substances possibly could have influenced responses in the Ishikawa cell line assay by reducing cell growth. However, the fact that the decrease in absorbance that occurred with the YES assay (Fig. 3, station 1, fraction 1 ) was not observed with the Ishikawa cell line assay supports the lower likelihood of the influence of toxic substances on responses in the Ishikawa cell line assay. This putative decreased sensitivity to toxins is one reason why the Ishikawa cell line assay may be appropriate for determining the estrogenic activity in sediment samples. At the least, application of the Ishikawa cell assay is worth considering when toxic effects are observed in other bioassays. Further, we obtained 17␤-estradiol-equivalent values for all samples tested with the Ishikawa bioassay; in contrast, the sensitivity of the YES assay prevented its use for calculating this value for all but one sample tested (station 1, fraction 2; about 1,100 pg/g dry wt). Analysis of the extracts in the Ishikawa cells assay could be performed without any cleanup step. Sediment, like any other environmental sample, represents a complex mixture of substances that may contain many toxic compounds. Therefore, an important requisite for the application of any bioassay as a tool of analysis is that the sample extracts do not act as toxic compounds.
Chemical analysis
The concentrations of estrogenic compounds in the sediment samples are shown in Table 4 . The highest estrogenic activities and concentration of endocrine-disrupting chemicals were observed at sampling station 1, which is located near a sewage treatment plant in the inner part of Tokyo Bay (Tables  3 and 4) . Station 1 was situated downstream from the discharge S. Hashimoto et al. gate of a sewage treatment plant, and sediment collected from this site had higher concentrations of nonylphenol, octylphenol, bisphenol-A, and estrone than did those from other sites.
In sediment collected at station 1, about 30% of the observed estrogenic activity of fraction 2 could be explained by the nonylphenol and estrone detected in fraction 2, according to the activities calculated on the basis of chemical analysis. The result suggests the presence of other estrogenic compounds in sediments. Comparable findings were obtained in a study in The Netherlands, in which the 20% of the estrogenic activity in effluent could be explained by the potencies calculated on the basis of chemical analyses of a number of known (xeno)estrogens [14] . When the environmental concentrations and estrogenic activity of each compound were weighed, estrone, nonylphenol, and bisphenol-A were the principal contributors to environmental estrogen levels.
Sediment samples from different sites differ in their TOC levels; for example, the sediment sample collected at station 1 showed a high concentration of TOC (Table 1) .
Particles and sediments containing increased TOC have a tendency to gather hydrophobic compounds such as nonylphenol [8] . A linear regression procedure showed that the relationship between the TOC level and estrogenic activity of sediment samples is positive (for stations 1 through 5: r ϭ 0.989; stations 2 through 5: r ϭ 0.679). This association may mean that most of the endocrine-disrupting compounds are adsorbed to organic compounds in the sediment. In the present study, the sediments from Tokyo Bay that had high TOC (mean: 3.0%) probably have a high potential for accumulation of endocrine-disrupting compounds (e.g., nonylphenol).
Tokyo Bay receives a large amount of industrial and domestic sewage effluent (about 4.7 km 3 /year) [18] . The fact that sewage treatment plants in Japan receive industrial (as well as domestic) wastewater accounts for the presence of nonylphenol in the sewage treatment effluent in Tokyo Bay (primary effluent, 2.04 and 21.2 g/L; secondary effluent, 0.08 and 1.24 g/ L) [29] . The concentration of nonylphenol in our sediment samples is comparable with those reported previously for a relatively crowded region of the Tamagawa River (0.03-0.11 [19] and 0.03-1.14 [29] g/g dry wt), as was the concentration of octylphenol (below limit of detection Ϫ0.005 [19] and 0.003-0.05 g/g dry wt [29] ). Further, the concentration of nonylphenol in sediment samples at station 1 (2.61 g/g dry wt) was higher than that reported previously in sediments collected from inner Tokyo Bay (0.12-0.64 g/g dry wt) [29] , as was the concentration of octylphenol (0.011 [present study] vs 0.006-0.01 g/g dry wt [29] ). These findings suggest that the problems of environmental estrogens in Tokyo Bay might be restricted to certain coastal areas. Again, these results suggest that freshwater that contains effluent from sewage treatment plants is one of the main sources of estrogens in Tokyo Bay.
CONCLUSION
This study demonstrates the importance of selecting an appropriate bioassay for measuring the estrogenic activity of sediments. We noted that some sediment extracts exerted a toxic effect in currently used bioassays, such as the YES assay. Therefore, YES is not suitable for assessing the estrogenic activity of sediments in some cases, for which the Ishikawa cell line bioassay instead may be appropriate.
Applying the Ishikawa cell line bioassay, we found significant levels of estrogenic activity between 5.7 and 697 pg 17␤-estradiol-equivalents/g in all 15 sediment fraction samples from 5 different stations in Tokyo Bay. The highest estrogenic activities and concentration of endocrine-disrupting chemicals were observed at a station located near a sewage treatment plant in the inner part of Tokyo Bay. Thus, sewage plant effluents likely are a main source for the release of estrogenic compounds into Tokyo Bay, where feminized fish were observed.
